The fully human anti--cytotoxic T lymphocyte--associated antigen 4 (CTLA-4) monoclonal antibody Ipilimumab represents the first of a new class of cancer therapies that function by enhancing immunological antitumor activity. Two pivotal phase III clinical trials demonstrated significant increases in survival in patients with melanoma treated with Ipilimumab ([@bib16]; [@bib41]), which led to its recent approval by the FDA. Despite intensive investigation, however, the mechanism of action remains unclear. Although the initial premise was that anti--CTLA-4 antibodies (α--CTLA-4) function by blocking inhibitory signals into effector T cells (T eff cell; [@bib21]; [@bib49]), the demonstration that CD4^+^Foxp3^+^ regulatory T cells (T reg cell) express high levels of CTLA-4 led to the suggestion that α--CTLA-4 directly impacts the T reg cell compartment, either by mediating depletion, or by affecting their suppressive activity ([@bib38], [@bib39]; [@bib51]; [@bib58]). In this regard, we recently demonstrated that α--CTLA-4 needs to bind both T eff and T reg cells to elicit full tumor protection ([@bib32]). Several publications, however, have failed to support T reg cell depletion as a mechanism of action and have, to the contrary, demonstrated that α--CTLA-4 expands T reg cells in the secondary lymphoid organs ([@bib34]; [@bib42]) and blood ([@bib18]) of both mice and humans, further supporting the notion that CTLA-4 restricts T cell proliferation. The mechanisms by which α--CTLA-4 directly affects the activity of the T reg cell compartment therefore remain obscure.

A common feature associated with α--CTLA-4--mediated tumor rejection is an increase in the ratio of T eff to T reg cells within the tumor (T eff/T reg cell ratio; [@bib46]; [@bib34]; [@bib18]; [@bib24]; [@bib4]; [@bib7]; [@bib56]). This increase is thought to arise from the preferential expansion of T eff over T reg cells, although it remains unclear why this effect is restricted to the tumor microenvironment and why an antibody that simultaneously targets two cellular populations with opposing activities favors effector T cell function and promotes tumor rejection.

Here, we further define the mechanism underlying the antitumor activity of α--CTLA-4 by focusing on the factors controlling the selective increase in the T eff/T reg cell ratio within the tumor. By tracking tumor-specific CD4^+^ T cells, we show that α--CTLA-4 increases the absolute number of T eff and T reg cells in the lymph nodes and of T eff cells in the tumor, while selectively reducing the absolute number of T reg cells in the tumor. The reduction in T reg cells was consistent with a mechanism involving FcγRIV-dependent depletion associated with the presence of FcγR-expressing macrophages within the tumor, and elevated surface CTLA-4 expression by tumor-infiltrating T reg cells. Thus, α--CTLA-4 blocks inhibitory signals, resulting in the expansion and accumulation of T eff and T reg cells in the lymph node and of T eff cells in the tumor, but in parallel depletes tumor-infiltrating T reg cells, leading to an increase in the T eff/T reg cell ratio within the tumor. Collectively, these data explain the paradoxical effects of α--CTLA-4 on T eff and T reg cell accumulation in the lymph nodes and tumor. More importantly, they highlight the significant role played by the tumor microenvironment in determining the outcome of antibody-based immunotherapies, and how the impact on cellular compartments can differ in the periphery and in the tumor. Lastly, they suggest that approaches leveraging the capacity of the tumor microenvironment to deplete antibody-associated T reg cells could be used to enhance the antitumor activity of immunotherapies.

RESULTS
=======

GVAX+α--CTLA-4 combination therapy protects against B16-BL6 melanoma through a CD4-dependent mechanism
------------------------------------------------------------------------------------------------------

To establish the involvement of the CD4^+^ T cell compartment in tumor protection, C57BL/6 wild-type and I-A^−/−^ mice (lacking a CD4^+^ T cell compartment) were challenged with the transplantable B16-BL6 melanoma line. 3 d after implantation, mice were treated or not with an irradiated B16-BL6 tumor cell--based vaccine that secretes GM-CSF (GVAX) in the presence or absence of a monoclonal antibody blocking CTLA-4 (α--CTLA-4). In keeping with previous work ([@bib55]), the combination of GVAX and α--CTLA-4 protected mice against tumor outgrowth, whereas each agent alone did not ([Fig. 1 A](#fig1){ref-type="fig"}). Protection was lost in I-A^−/−^ mice ([Fig. 1, A and B](#fig1){ref-type="fig"}), indicating that CD4^+^ T cells were critical for tumor rejection. In agreement with prior work ([@bib34], [@bib36]; [@bib24]; [@bib56]), α--CTLA-4 significantly enhanced the intratumoral CD4^+^Foxp3^−^/CD4^+^Foxp3^+^ (T eff/T reg cell) ratio ([Fig. 1 C](#fig1){ref-type="fig"}).

![**GVAX+α--CTLA-4 combination therapy protects against tumor outgrowth through a CD4^+^ T cell--dependent mechanism.** (A) Mice were challenged with 10^4^ B16-BL6 on day 0, and then left untreated or treated with GVAX, α--CTLA-4, or GVAX+α--CTLA-4 on day 3, 6, and 8. Results depict tumor growth curves of individual mice (A) and cumulative survival (B). *n* = 10--25 mice per group, death events correspond to a tumor volume \>350 mm^3^ or death of the mouse. (C) Mice were challenged with 5 × 10^4^ B16-BL6 on day 0 and were treated as described above. The CD4^+^Foxp3^−^/CD4^+^Foxp3^+^ ratio in the lymph node and tumor was calculated. *n* = 8--10 mice per group. \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiments were repeated three times and pooled.](JEM_20130579_Fig1){#fig1}

α--CTLA-4 increases the number of tumor-specific CD4^+^ T eff and T reg cells in lymph nodes, but prevents intratumoral T reg cell accumulation
-----------------------------------------------------------------------------------------------------------------------------------------------

Given that the T eff/T reg cell ratio is thought to influence the outcome of immunotherapy ([@bib37]), we focused on the mechanisms regulating T eff and T reg cell numbers in response to α--CTLA-4. To track tumor-/self-antigen--specific CD4^+^ T cells, we made use of a recently developed TCR transgenic mouse, which generates CD4^+^ T cells specific for the melanocyte differentiation antigen Trp1/gp75 presented on I-A^b^ (herein referred to as Trp1 T cells; [@bib26]). Approximately 10% of Trp1 T cells express the regulatory transcription factor Foxp3 ([Fig. 2 A](#fig2){ref-type="fig"}), and previous studies have demonstrated that Trp1Foxp3^−^ cells (Trp1T eff cell) promote the development of autoimmune vitiligo whereas Trp1Foxp3^+^ cells (Trp1T reg cell) suppress it ([@bib59]).

![**α--CTLA-4 increases the number of tumor-specific CD4^+^ T eff and T reg cells in lymph nodes while preventing intratumoral T reg cell accumulation.** Mice were challenged with 1.5 × 10^5^ B16-BL6 on day 0, adoptively transferred with 5 × 10^4^ CD4^+^CD45.1^+^ Trp1 T on day 3, and treated with GVAX or GVAX+α--CTLA-4 on day 3, 6, and 8. (A) Foxp3 expression by CD4^+^Vβ14^+^ cell isolated from Trp1 SJL RAG tan mice before transfer. (B and C) Absolute cell numbers and Foxp3 expression by CD4^+^CD45.1^+^ Trp1 T cells from the lymph node (B) and tumor (C). (D) Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 T cells. Mice were treated as described above, but were also left untreated or treated with α--CTLA-4 monotherapy. *n* = 5 mice per group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiments were repeated two times.](JEM_20130579R_Fig2){#fig2}

3 d after B16-BL6 implantation, mice received 50,000 CD45.1^+^Trp1 T cells intravenously in combination with GVAX, or GVAX and α--CTLA-4. Trp1 accumulation was quantified using the CD45.1 marker. Both Trp1T eff and Trp1T reg cell accumulated in the lymph nodes of GVAX-treated mice during the course of the experiment ([Fig. 2 B](#fig2){ref-type="fig"}). However, Trp1T reg cell accumulated preferentially (in association with expression of high levels of the proliferation-associated antigen Ki67; unpublished data), resulting in a depressed T eff/T reg cell ratio. α--CTLA-4 increased the absolute numbers of both populations, without changing the Trp1T eff cell/Trp1T reg cell ratio ([Fig. 2 B](#fig2){ref-type="fig"}). In contrast, whereas Trp1T eff cell and Trp1T reg cells accumulated in the tumors of GVAX-treated mice, α--CTLA-4 markedly reduced the number of Trp1T reg cells, significantly increasing the intratumoral Trp1T eff cell/Trp1T reg cell ratio ([Fig. 2 C](#fig2){ref-type="fig"}). Importantly, α--CTLA-4 as a monotherapy also reduced intratumoral Trp1T reg cell accumulation ([Fig. 2 D](#fig2){ref-type="fig"}), indicating that the reduction in T reg cell numbers within the tumor was not dependent on the administration of GVAX. Three different α--CTLA-4 clones reduced the number of tumor-infiltrating Trp1T reg cell to varying levels ([Fig. 3](#fig3){ref-type="fig"}), suggesting that these results may not be solely dependent on the capacity of α--CTLA-4 monoclonal antibodies to block CTLA-4.

![**Multiple α--CTLA-4 clones reduce the intratumoral Trp1 T reg cell population.** Mice were treated as described in [Fig. 2](#fig2){ref-type="fig"} with α--CTLA-4 clone 4F10, 9D9, or 9H10. Results depict absolute cell numbers and Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 T cells. *n* = 5 mice per group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiment was repeated two times.](JEM_20130579_Fig3){#fig3}

α--CTLA-4 induces rapid elimination of tumor-infiltrating CTLA-4^+^ T reg cell
------------------------------------------------------------------------------

To understand the mechanisms regulating Trp1T reg cell numbers within the tumor after α--CTLA-4 therapy, we evaluated the kinetics of Trp1T reg cell elimination. Mice were treated with GVAX monotherapy until day 10 to allow robust Trp1T reg cell infiltration ([Fig. 4 A](#fig4){ref-type="fig"}). Mice were treated with either α--CTLA-4 throughout the experiment or with a single dose on day 10, and then sacrificed 1 d later. Surprisingly, both treatments significantly reduced the numbers of tumor-infiltrating Trp1T reg cells ([Fig. 4 A](#fig4){ref-type="fig"}), suggesting depletion as a potential mechanism.

![**Tumor-specific T reg cells are rapidly and cell autonomously eliminated from the tumor by α--CTLA-4.** (A) Mice were challenged with 1.5 × 10^5^ B16-BL6 on day 0, adoptively transferred with 5 × 10^4^ CD4^+^CD45.1^+^ Trp1 T on day 3, and treated with GVAX or GVAX+α--CTLA-4 on day 3, 6, and 8. Some mice received no further treatment or were treated with α--CTLA-4 on day 3--10, or on day 10 alone, and then sacrificed on day 11. Results depict absolute cell numbers and Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 T cells. *n* = 9--10 mice per group. (B and C) Wild-type and CTLA-4-huTg mice were treated as described in [Fig. 2](#fig2){ref-type="fig"}. Results depict absolute cell numbers and Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 (B) and CD4^+^CD45.1^−^ endogenous polyclonal T cells (C). (D) CTLA-4^+/+^ and CTLA-4^−/−^ Trp1 T cells were transferred into wild-type mice, and then treated as described in [Fig. 2](#fig2){ref-type="fig"}. Results depict absolute cell numbers and Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 T cells. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiments were repeated two times and pooled.](JEM_20130579_Fig4){#fig4}

To address whether direct binding of α--CTLA-4 mAb to Trp1T reg cell cells mediated depletion, we transferred Trp1 T cells into mice expressing human rather than mouse CTLA-4 (CTLA-4-huTg; [@bib32]). After treatment with GVAX and anti--mouse CTLA-4 (the 9H10 clone does not bind to human CTLA-4), Trp1T reg cell--expressing mouse CTLA-4 ([Fig. 4 B](#fig4){ref-type="fig"}), but not endogenous polyclonal T reg cell--expressing human CTLA-4 ([Fig. 4 C](#fig4){ref-type="fig"}), were depleted from the tumors, indicating that direct interactions between the α--CTLA-4 antibody and CTLA-4^+^Trp1T reg cell were required to mediate depletion from the tumor.

To corroborate whether α--CTLA-4 treatment eliminated tumor-infiltrating Trp1T reg cell by directly binding and depleting CTLA-4--expressing T reg cells instead of blocking the function of CTLA-4, we adoptively transferred Trp1 T cells from CTLA-4^+/+^ or CTLA-4^−/−^ Trp1 TCR transgenic animals, and then measured intratumoral Trp1T reg cell accumulation in response to GVAX or GVAX and α--CTLA-4. Whereas the addition of α--CTLA-4 resulted in a marked reduction in the number of tumor-infiltrating CTLA-4^+/+^Trp1 T reg cells, no changes in the number of tumor-infiltrating CTLA-4^−/−^ Trp1 cells were observed after α--CTLA-4 therapy ([Fig. 4 D](#fig4){ref-type="fig"}). These data demonstrate that the reduction in the number of tumor-reactive T reg cells in the tumor does not depend on "blocking" CTLA-4 mediated regulation, as genetic ablation of CTLA-4 on tumor-reactive Trp1 cells did not result in elimination of Trp1T reg cell from the tumor.

The rapid elimination of CTLA-4^+^Trp1T reg cell supported depletion as the underlying mechanism, although alternative mechanisms, such as loss of Foxp3 expression by Foxp3^+^ cells ([@bib60]), or reduced differentiation of Foxp3^−^ to Foxp3^+^ cells (conversion; [@bib2]; [@bib25]) could also account for the reduction in Trp1T reg cell. To test these possibilities, we used Trp1Foxp3^GFP^ reporter mice expressing GFP under the Foxp3 promoter to measure conversion, and congenically marked (CD45.1 and/or CD45.2) Trp1T eff cell (Foxp3^−^) and Trp1T reg cell (Foxp3^+^) subsets to track the fate of each compartment in response to therapy. Trp1GFP^−^ (Foxp3^−^) cells transferred into tumor-bearing mice left untreated or treated with GVAX, α--CTLA-4, or GVAX+α--CTLA-4 failed to up-regulate GFP or Foxp3 ([Fig. 5 A](#fig5){ref-type="fig"}), indicating that Foxp3^−^ to Foxp3^+^ conversion did not contribute to intratumoral Trp1T reg cell accumulation. Accordingly, these data also suggest that α--CTLA-4 does not eliminate Trp1T reg cells from the tumor by preventing conversion. To test potential loss of Foxp3 expression within the T reg cell compartment, mice were given a mixture of CD45.1^+/+^ CD25^−^ Trp1T eff cells and CD45.1^+/−^ CD45.2^+/−^ CD25^+^ Trp1T reg cells, followed by treatment with GVAX or GVAX+α--CTLA-4 ([Fig. 5 B](#fig5){ref-type="fig"}). After GVAX+α--CTLA-4 treatment, the CD45.1^+/−^ CD45.2^+/−^ CD25^+^ Trp1T reg cell population was completely eliminated from the tumor to prevent loss of Foxp3 expression ([Fig. 5 B](#fig5){ref-type="fig"}). Furthermore, no significant differences in the expression of the proliferation marker Ki-67 were observed in T reg cell (not shown), excluding this as a potential mechanism for the loss of tumor-infiltrating T reg cell. These data support a model where α--CTLA-4 eliminates Trp1T reg cell from the tumor through depletion and not through changes in T reg cell proliferation or loss of Foxp3 expression.

![**Tumor-specific T reg cells are depleted from the tumor by α--CTLA-4.** (A) CD4^+^GFP^−^ cells were FACS purified from CD45.1^+/+^ B^W^ RAG^−/−^ Trp1 Foxp3-GFP mice, adoptively transferred into mice bearing 3-d established tumors and treated as described in [Fig. 2](#fig2){ref-type="fig"}. Results depict Foxp3 expression by CD4^+^CD45.1^+^ Trp1 cells in the tumor. (B) Mice were challenged with 1.5 × 10^5^ B16-BL6 on day 0, a mixture of CD25^−^ CD45.1^+/+^ and CD25^+^ CD45.1^+/−^ CD45.2^+/−^ Trp1 T cells was adoptively transferred on day 3, and mice were then treated as described in [Fig. 2](#fig2){ref-type="fig"}. (top) Phenotype of sorted CD25^−^ and CD25^+^ Trp1 T cells before mixing and transfer. (bottom) Absolute cell numbers and CD45.2 expression by intratumoral CD4^+^CD45.1^+^ Trp1 T cells. *n* = 5 mice per group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiments were repeated two times.](JEM_20130579_Fig5){#fig5}

T reg cell depletion is mediated largely by FcγRIV
--------------------------------------------------

Antibody-mediated depletion can occur via complement-mediated lysis ([@bib40]; [@bib10]; [@bib57]) or antibody-dependent cell-mediated cytotoxicity (ADCC; [@bib50]; [@bib48]; [@bib27]). We first used complement deficient C3^−/−^ mice ([@bib10]) as recipients of tumor-reactive Trp1 T cells and still observed depletion of tumor-infiltrating Trp1T reg cell in response to α--CTLA-4 ([Fig. 6 A](#fig6){ref-type="fig"}). We therefore investigated the potential involvement of ADCC in our system. In mice, ADCC is regulated predominantly by the low-affinity receptors FcγRIII and FcγRIV ([@bib28]; [@bib29]; [@bib44]), and to a lesser extent by the high-affinity FcγRI ([@bib9]; [@bib53]; [@bib13]). To determine whether FcγRs mediated T reg cell depletion, we used γ^−/−^ chain mice lacking all three activating FcγRs as recipients ([@bib52]; [@bib5]). Although both the Trp1T reg cell ([Fig. 7 A](#fig7){ref-type="fig"}) and the endogenous polyclonal T reg cell compartments ([Fig. 7 B](#fig7){ref-type="fig"}) were significantly reduced in the tumors of wild-type mice treated with α--CTLA-4, no depletion was observed in γ^−/−^ chain recipient mice treated with α--CTLA-4, suggesting depletion through an FcγR-dependent mechanism. Depletion also occurred independently of the FasL and TRAIL cytotoxicity pathways ([Fig. 6 B](#fig6){ref-type="fig"}).

![**Tumor-specific T reg cells are not depleted by complement, the FasL--TRAIL pathway, or NK/CD8^+^ T cells.** (A--C) Mice were treated as described in [Fig. 2](#fig2){ref-type="fig"}. Results depict Foxp3 expression by CD4^+^CD45.1^+^ Trp1 cells in complement C3^−/−^ mice (A), mice treated with blocking α-FasL, and α-TRAIL antibodies (B), or mice treated with depleting α-CD8 and α-NK1.1 antibodies (C). Experiments were repeated two times.](JEM_20130579_Fig6){#fig6}

![**T reg cell depletion is mediated largely by FcγRIV.** (A and B) Wild-type and γ^−/−^ mice were challenged with B16-BL6 and treated as described in [Fig. 2](#fig2){ref-type="fig"}. Absolute cell numbers and Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 (A) and CD4^+^CD45.1^−^ endogenous polyclonal T cells (B). *n* = 9--10 mice per group. (C) SPR analysis of α--CTLA-4 clone 9H10 binding to FcγRI, FcγRIII, and FcγRIV. (D and E) Wild-type, FcγRIII^−/−^, and FcγRIV^−/−^ mice were challenged with B16-BL6 and treated as described in [Fig. 2](#fig2){ref-type="fig"}. Absolute cell numbers and Foxp3 expression by intratumoral CD4^+^CD45.1^+^ Trp1 (D) and CD4^+^CD45.1^−^ endogenous polyclonal T cells (E). (F) SPR analysis of three different α--CTLA-4 clones (4F10, 9D9, 9H10) binding to FcγRIV. *n* = 7--10 mice per group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiments were repeated three times and pooled.](JEM_20130579R_Fig7){#fig7}

Using surface plasmon resonance (SPR) we determined the binding of α--CTLA-4 to different FcγRs. The α--CTLA-4 clone 9H10 bound to FcγRI with the highest affinity ([Fig. 7 C](#fig7){ref-type="fig"}). Of the two low-affinity FcγRs implicated in ADCC, 9H10 bound with higher affinity to FcγRIV, suggesting a greater involvement in depletion. When we compared in vivo depletion of tumor-infiltrating T reg cells by α--CTLA-4 in wild-type versus FcγRIII^−/−^ and FcγRIV^−/−^ mice, we observed that Trp1T reg cell numbers were partially restored and endogenous polyclonal T reg cell numbers were fully restored in FcγRIV^−/−^, but not in FcγRIII^−/−^ mice ([Fig. 7, D and E](#fig7){ref-type="fig"}), supporting a major role for FcγRIV in the depletion of tumor-infiltrating T reg cells after α--CTLA-4 therapy. Interestingly, binding affinities of our three different α--CTLA-4 clones to FcγRIV ([Fig. 7 F](#fig7){ref-type="fig"}) correlated with their ability to deplete tumor-infiltrating T reg cells in vivo ([Fig. 4 A](#fig4){ref-type="fig"}). Depletion of NK cells, which express FcγRIII, but no other activating FcγRs ([@bib52]; [@bib27]), did not prevent Trp1T reg cell depletion in response to α--CTLA-4 ([Fig. 6 C](#fig6){ref-type="fig"}), further supporting the dispensability of FcγRIII in T reg cell depletion in this model. However, the partial restoration of Trp1T reg cell in FcγRIV^−/−^ mice compared with the full restoration of the endogenous polyclonal T reg cell compartment suggests potential redundancy in the FcγR system. This could be explained by differences in the expression level of the target molecule as Trp1 T reg cell express higher levels of surface CTLA-4 than endogenous T reg cell (see [Fig. 9, A and B](#fig9){ref-type="fig"}), potentially increasing their susceptibility to depletion by other FcγRs compensating for the loss of FcγRIV. In keeping with this, FcγRI, which bound with high affinity to the 9H10 clone ([Fig. 7 C](#fig7){ref-type="fig"}), is also capable of inducing ADCC ([@bib31]), suggesting a potential role of this FcγR in Trp1T reg cell depletion. Nonetheless, our data point to FcγRIV as a key mediator in the depletion of endogenous tumor-infiltrating T reg cells.

CD11b^+^FcγRIV^+^ macrophages are enriched in the tumor microenvironment
------------------------------------------------------------------------

Considering that ADCC in mice is predominantly mediated by macrophages ([@bib54]; [@bib53]; [@bib44]), we next evaluated the expression of FcγRIV on macrophages and other immune subsets within the tumor. As previously shown ([@bib28]), FcγRIV expression was restricted to CD11b^+^ cells ([Fig. 8 A](#fig8){ref-type="fig"}). Ly6C^hi^Ly6G^−^ macrophages ([@bib45]) constituted the majority of the CD11b^+^FcγRIV^+^ population, whereas Ly6^lo^Ly6G^+^ neutrophils and CD11c^+^I-A^+^ dendritic cells were only a minor component ([Fig. 8 B](#fig8){ref-type="fig"}). Of particular note, CD11b^+^ cells were enriched 70-fold in the tumor relative to the lymph node ([Fig. 8 C](#fig8){ref-type="fig"}), where depletion did not occur ([Fig. 2 B](#fig2){ref-type="fig"}). The presence of macrophages in the tumor was confirmed by staining tissue sections for the macrophage specific marker Iba1 ([@bib11]), which showed a much higher density of macrophages in the tumor compared with lymph nodes ([Fig. 8 D](#fig8){ref-type="fig"}). Lastly, FcγRIV expression was significantly elevated on intratumoral CD11b^+^ cells, but almost undetectable on CD11b^+^ cells from lymph nodes ([Fig. 8 E](#fig8){ref-type="fig"}). Importantly, α--CTLA-4 did not alter the percentage of CD11b^+^ cells in the tumor ([Fig. 8 C](#fig8){ref-type="fig"}), or FcγRIV expression by tumor-infiltrating CD11b^+^ cells ([Fig. 8 E](#fig8){ref-type="fig"}), suggesting that T reg cell depletion did not result from a general increase in the number or function of macrophages in the tumor in response to α--CTLA-4.

![**Phagocytic cells expressing high levels of FcγRIV are enriched in the tumor microenvironment.** (A--E) Mice were treated as described in [Fig. 2](#fig2){ref-type="fig"}. (A) Representative FcγRIV expression by intratumoral CD11b^+^, NK1.1^+^, and CD3^+^ cells. (B) Representative CD11c, I-A, Ly6C, and Ly6G expression by intratumoral CD45.2^+^CD11b^+^FcγRIV^+^ cells. (C) CD3 and CD11b expression on CD45.2^+^ cells in the lymph node and tumor. *n* = 10 mice per group. (D) Iba1 and Foxp3 expression in the lymph and tumor of GVAX-treated mice. Bar, 100 µm. (E) FcγRIV expression by CD11b^+^ cells in the lymph node and tumor. The shaded histogram represents FcγRIV expression by CD11b^+^ cells from FcγRIV^−/−^ mice. *n* = 10 mice per group. \*, P \< 0.05; \*\*\*, P \< 0.001. Experiments were repeated two times and pooled.](JEM_20130579R_Fig8){#fig8}

Surface CTLA-4 expression is elevated on tumor-infiltrating T reg cells
-----------------------------------------------------------------------

The selective depletion of intratumoral Trp1T reg cells and endogenous T reg cells by α--CTLA-4 ([Figs. 2 C](#fig2){ref-type="fig"} and [7 B](#fig7){ref-type="fig"}) suggests that α--CTLA-4 preferentially associates with the T reg cell compartment. In keeping with this, surface expression of CTLA-4 was significantly higher on Trp1T reg cell ([Fig. 9 A](#fig9){ref-type="fig"}) and endogenous T reg cell ([Fig. 9 B](#fig9){ref-type="fig"}) compared with their effector counterparts. Furthermore, Trp1T reg cell expressed higher levels of surface CTLA-4 compared with endogenous T reg cells ([Fig. 9, A and B](#fig9){ref-type="fig"}) and were more susceptible to depletion by α--CTLA-4 ([Fig. 7, A and B](#fig7){ref-type="fig"}). Moreover, surface CTLA-4 expression was increased in the tumor compared with the lymph node, where depletion did not occur ([Fig. 2, B and C](#fig2){ref-type="fig"}). Finally, levels of surface CTLA-4 on the T reg cell compartment were significantly reduced only at the tumor site after α--CTLA-4 treatment ([Fig. 9 C](#fig9){ref-type="fig"}). These data demonstrate that T reg cell depletion in the tumor is associated with the elevated surface expression of CTLA-4 by the T reg cell subset and enrichment of CD11b^+^FcγRIV^+^ macrophages in the tumor microenvironment.

![**Tumor-infiltrating T reg cells express high levels of surface CTLA-4.** (A and B) Surface CTLA-4 expression by CD4^+^CD45.1^+^ Trp1 (A) and CD4^+^CD45.1^−^ endogenous polyclonal T cells (B) in the tumor and lymph node of mice treated with GVAX (as described in [Fig. 2](#fig2){ref-type="fig"}). The shaded histogram represents CTLA-4-huTg mice. *n* = 11 mice per group. (C) Quantification of surface CTLA-4 expression on CD4^+^Foxp3^+^ polyclonal T reg cell in the lymph node and tumor after treatment with GVAX or GVAX+α--CTLA-4. Mice were treated with GVAX or GVAX+α--CTLA-4 (clone 9H10) as described in [Fig. 2](#fig2){ref-type="fig"} and sacrificed on day 10. Surface CTLA-4 expression on endogenous CD4^+^Foxp3^+^ T reg cells was detected by staining with α--CTLA-4 clone 4F10, which is not cross-blocked by clone 9H10. *n* = 11--14 mice per group. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001. Experiments were repeated two times and pooled.](JEM_20130579R_Fig9){#fig9}

α--CTLA-4 treatment does not increase the intratumoral T eff/T reg cell ratio in FcγRIV^−/−^ mice, and fails to elicit tumor protection
---------------------------------------------------------------------------------------------------------------------------------------

To determine whether the loss of FcγRIV expression and intratumoral T reg cell depletion affected tumor protection we evaluated the antitumor activity of GVAX and α--CTLA-4 in WT and FcγRIV^−/−^ mice. Whereas α--CTLA-4 significantly increased the intratumoral ratio of T eff/T reg cells (Trp1 and endogenous) in wild-type mice, it failed to do so in FcγRIV^−/−^ mice ([Fig. 10, A and B](#fig10){ref-type="fig"}), suggesting that T reg cell depletion by FcγRIV significantly contributes to the relative increase in T eff over T reg cells within the tumor. Importantly, FcγRIV^−/−^ mice also failed to reject B16-BL6 melanoma after treatment with GVAX and α--CTLA-4. ([Fig. 10 C](#fig10){ref-type="fig"}), supporting the relevance of the depleting activity of α--CTLA-4 to its antitumor activity. Collectively, our data illustrate the critical importance of specific features of the tumor microenvironment in mediating T reg cell depletion and determining outcomes after α--CTLA-4 therapy.

![**α--CTLA-4 therapy does not increase the intratumoral T eff/T reg cell ratio in FcγRIV^−/−^ mice, and fails to elicit tumor protection.** (A and B) The T eff/T reg cell ratio from CD4^+^CD45.1+ Trp1 (A) and CD4^+^CD45.1− endogenous polyclonal T cells (B) in the tumor. *n* = 9--10 mice per group. (C) Survival of wild-type and FcγRIV^−/−^ mice treated with GVAX or GVAX+α--CTLA-4, as described in [Fig. 1 A](#fig1){ref-type="fig"}. *n* = 10--11 mice per group. \*, P \< 0.05; \*\*\*, P \< 0.001. Experiments were repeated two times and pooled.](JEM_20130579_Fig10){#fig10}

DISCUSSION
==========

α--CTLA-4 therapy has demonstrated significant antitumor activity in preclinical tumor models ([@bib22]; [@bib55]; [@bib37]) and in clinical trials as an immunotherapy for metastatic melanoma ([@bib16]; [@bib41]). In animal models and in the clinic, we and others have shown that α--CTLA-4 increases the intratumoral CD8^+^/T reg cell and T eff/T reg cell ratios ([Fig. 2 C](#fig2){ref-type="fig"}; [@bib34]; [@bib15]; [@bib24]), which is thought to drive tumor rejection given the anti- and pro-tumor growth activity of T eff and T reg cells, respectively ([@bib12]; [@bib35]).

Here, we further interrogated the mechanisms by which α--CTLA-4 therapy increases the intratumoral T eff/T reg cell ratio, focusing on the impact on the T reg cell compartment. We demonstrate that α--CTLA-4 therapy increases this ratio by depleting T reg cells through an FcγR-dependent mechanism. The striking compartmentalization of α--CTLA-4--mediated T reg cell depletion reveals a previously unexpected characteristic of α--CTLA-4 mAb functionality, which is important for several reasons. First, it may help to define specific therapeutically relevant attributes of clinically effective mAb, allowing such characteristics to be engineered into second-generation antibodies being taken into the clinic. Second, the critical importance of the microenvironment in facilitating this α--CTLA-4 activity may help to inform the development of rational combinatorial therapies that aim to optimize the microenvironmental cues associated with maximal α--CTLA-4--mediated depletion, i.e., specific patterns of FcγR expression on tumor-infiltrating antigen-presenting cells/macrophages. Third, evaluation of the tumor microenvironment for these features may provide a valuable biomarker for predicting responsiveness to α--CTLA-4 therapy. Based on the importance of the T reg cell subset in restraining antitumor immune responses in a variety of malignancies ([@bib1]; [@bib3]; [@bib23]; [@bib35]; [@bib20]), we predict that tumors containing few macrophages, or macrophages expressing low levels of FcγRs would respond less favorably to α--CTLA-4 therapy, and that therapies that enhance tumor infiltration by such cells would likely synergize, making them ideal candidates for further clinical evaluation. It is important to note that in a clinical setting, intratumoral NK cell abundance is also likely to impact the activity of α--CTLA-4, given that human NK cells express FcγRIIIA, a homologue of FcγRIV in mice, and a major mediator of ADCC ([@bib27]).

Genetic ablation of FcγRIV partially restored tumor-specific Trp1 T reg cells and fully restored endogenous polyclonal T reg cell infiltrating the tumor ([Fig. 7, D and E](#fig7){ref-type="fig"}), indicating a predominant role for this FcγR in depletion. Moreover, recent work demonstrating that genetic deletion of FcγRIV results in complete loss of ADCC in vivo ([@bib29]) further supports the role of FcγRIV in the depletion of tumor infiltrating T reg cells in response to α--CTLA-4. FcγRIV expression was restricted to CD11b^+^ cells within the tumor ([Fig. 8 A](#fig8){ref-type="fig"}), which were mostly Ly6C^hi^Ly6G^−^ ([Fig. 8 B](#fig8){ref-type="fig"}). Depletion of T reg cell by macrophages is consistent with previous work demonstrating that in mice, ADCC is predominantly mediated by this immune subset ([@bib47]; [@bib54]; [@bib53]; [@bib30]), with NK cells playing a more restricted role caused by the expression of a single FcγR, FcγRIII ([@bib27]). In agreement with this model, T reg cells were depleted from the tumor ([Fig. 2 C](#fig2){ref-type="fig"}), Peyer's patches, and vaccine site (not depicted), which contained a large fraction of CD11b^+^ cells ([Fig. 8 C](#fig8){ref-type="fig"} and not depicted), but not from the lymph nodes ([Fig. 2 B](#fig2){ref-type="fig"}) and spleen (not depicted), which contained few CD11b^+^ cells with almost undetectable levels of FcγRIV ([Fig. 8 C](#fig8){ref-type="fig"}). Although the association between T reg cell depletion and the presence of CD11b^+^FcγRIV^+^ cells in the tumor appears clear, the additional contribution of GVAX to the high frequency of CD11b^+^FcγRIV^+^ cells found in the tumor ([Fig. 8, C--E](#fig8){ref-type="fig"}) requires further evaluation as secretion of GM-CSF by GVAX is known to contribute to an inflammatory macrophage phenotype ([@bib47]). Of importance, depletion of tumor-reactive T reg cells depended on α--CTLA-4 administration and not on GVAX ([Fig. 2 D](#fig2){ref-type="fig"}). Although our data support the notion that α--CTLA-4 mediates depletion of tumor infiltrating T reg cells, it also suggest that for poorly immunogenic tumors (such as the B16 model), GVAX or other combinatorial approaches may be necessary to increase the frequency of tumor-reactive effector T cells in tumors and lymph nodes ([Fig. 2, B and C](#fig2){ref-type="fig"}). The addition of α--CTLA-4 would further increase the number of tumor-reactive effector T cells in LN and tumor ([Fig. 2, B and C](#fig2){ref-type="fig"}), while at the same time depleting tumor-infiltrating T reg cells ([Fig. 2 C, 2 D](#fig2){ref-type="fig"}).

Finally, we recently evaluated the impact of α--CTLA-4 on tumor infiltrating T reg cells in a mouse model of colon carcinoma (CT26) known to respond to α--CTLA-4 monotherapy. In this model, we also observed a significant reduction in the number of tumor-infiltrating T reg cells in response to α--CTLA-4 as a single agent. Furthermore, the reduction in tumor-infiltrating T reg cells in the CT26 model was also restricted to the tumor site and correlated with an increase in the intratumoral T eff/T reg cell ratio, tumor rejection, and tumor infiltration by CD11b^+^FcγRIV^+^ cells (unpublished data), in keeping with the results of another recent publication demonstrating the importance of antibody isotype in the antitumor activity of α--CTLA-4 in the CT26 model ([@bib43]).

Our data also suggest that tumors that either express, or are induced to express, a subset of cells capable of driving ADCC will be those most likely to mediate T reg cell depletion in response to α--CTLA-4. The lack of additive or synergistic therapeutic benefit of the combination of α--CTLA-4 with peptide vaccination in the recent phase III clinical trial ([@bib16]) could at least be partially explained by a lack of vaccine-mediated impact on appropriate accessory cell populations. Ipilimumab (anti--human CTLA-4) monotherapy has been documented to cause a profound reduction in the intratumoral T reg cell population in patients with bladder cancer, which could relate to the particular microenvironment intrinsic to this tumor type ([@bib24]). It is also important to note that the binding affinity of the fully human α--CTLA-4 mAb Ipilimumab to FcγRIIIA (unpublished data) is comparable to the binding affinity of rituximab (an anti-CD20--depleting mAb), to FcγRIIIA ([@bib17]), further supporting the premise that a clinically active α--CTLA-4 mAb is capable of depleting T reg cell. Clearly, further investigation is warranted in the setting of the clinical use of α--CTLA-4 therapies, both in terms of documenting the potential depletion of tumor-infiltrating T reg cells, and in terms of defining the patterns of FcγR expression in human malignancies that might correlate with ADCC-mediated depletion.

The compartmentalization of α--CTLA-4--mediated T reg cell depletion with preferential elimination of T reg cell from sites containing higher levels of CD11b^+^ cells may be therapeutically advantageous. Such targeted activity might relieve immune suppression within the tumor while leaving systemic immunity largely intact. Widespread depletion of T reg cells can induce multiple autoimmune pathologies ([@bib8]; [@bib19]). Nevertheless, immune-related adverse events have been reported in a subset of patients treated with Ipilimumab ([@bib16]; [@bib41]). Interestingly, colitis remains one of the more frequent adverse events, whereas Peyer's patches were one of the few sites in which T reg cell were depleted in our murine model. Further evaluation of the impact of Ipilimumab on T reg cell populations in humans might help to explain potential toxicities, and also help in optimizing therapeutically relevant characteristics of α--CTLA-4 mAb.

We previously demonstrated that unicompartmental binding of CTLA-4 to the T eff cell compartment is capable of inducing tumor protection in some mice ([@bib32]), although protection was significantly reduced when compared to targeting both the T eff and T reg cell compartments. In contrast, unicompartmental binding to the T reg cell compartment failed to elicit tumor protection, highlighting the importance of the impact on the T eff cell compartment. These results can now be explained by the depletion of T reg cells within the tumor microenvironment by α--CTLA-4. In the current study, protection was ablated in FcγRIV^−/−^ mice ([Fig. 10 C](#fig10){ref-type="fig"}) that are incapable of depleting T reg cells ([Fig. 7 A and B](#fig7){ref-type="fig"}), but should otherwise have a T eff cell compartment capable of responding to α--CTLA-4 treatment. This might indicate that cells expressing FcγRIV have other important roles in mediating tumor protection beyond depletion of T reg cell. Alternatively, the results may reflect an impact of α--CTLA-4 on T reg cell in other sites, as blockade induces a proliferation and accumulation in nodal sites that would not occur in the unicompartmental T eff cell blockade setting. Overall, the data presented here are consistent with a model where α--CTLA-4 immunotherapy releases cell-intrinsic inhibition of the T eff cell compartment while simultaneously targeting T reg cells for depletion within the tumor microenvironment.

Our data also raise the question of whether antibodies targeting other co-inhibitory or co-stimulatory receptors also potentiate antitumor immune activity through intratumoral T reg cell depletion. Both α-OX40 and α-GITR mAb have been shown to induce a loss of T reg cells from the tumor microenvironment ([@bib6]; [@bib14]), although the mechanisms remained obscure. Furthermore, the apparent duality of function of such antibodies, e.g., α-OX40 targeting both the T eff and T reg cell compartments ([@bib33]), has been previously noted.

In conclusion, our data illustrate that α--CTLA-4 mAb significantly enhances the intratumoral T eff/T reg cell ratio, in part by selectively depleting T reg cells in a manner that is dependent on the tumor microenvironment and the specific mAb clone. They support the further evaluation of clinical strategies leveraging the capacity of the tumor microenvironment to deplete antibody-associated cells and the design of depleting antibodies targeting co-stimulatory and co-inhibitory molecules preferentially expressed at high levels by T reg cells, optimized to enhance binding to the FcγR most relevant to the specific tumor type, and the particular microenvironment being targeted.

MATERIALS AND METHODS
=====================

### Mice.

4-6-wk-old C57BL/6 and I-A^−/−^mice were purchased from The Jackson Laboratory and Charles River UK. 4--6-wk-old C57BL/6 and γ^−/−^ mice were also purchased from Taconic. FcγRIII^−/−^ and FcγRIV^−/−^ mice were obtained from J.V. Ravetch at The Rockefeller University (New York, NY). Previously described B^W^ RAG^−/−^ Trp1 transgenic mice ([@bib26]) were provided by N. Restifo (National Cancer Institute, Bethesda, MD) and crossed to B6.SJL mice to create CD45.1^+/+^ B^W^ RAG^−/−^ Trp1 transgenic mice. The Trp1 mice were also crossed to Foxp3-GFP mice obtained from A. Rudensky (Memorial Sloan-Kettering Cancer Center, New York, NY) and to CTLA-4^−/−^ mice to create CD45.1^+/+^ B^W^ RAG^−/−^ Trp1Foxp3^GFP^ and CD45.1^+/+^ B^W^ RAG^−/−^ Trp1CTLA-4^−/−^, respectively. Mice were bred and maintained at Memorial Sloan-Kettering Cancer Center and Charles River UK. The Memorial Sloan-Kettering Cancer Center Institutional Animal Care and Use Committee and the University College London Animal Ethics Committee approved all animal experiments in this manuscript.

### Cell lines.

The highly tumorigenic, poorly immunogenic B16-BL6 cell was originally obtained from I.J. Fidler (MD Anderson Cancer Center, Houston, TX) and cultured in complete RPMI (cRPMI).

### Antibodies.

Most blocking and neutralizing antibodies were purchased from BioXCell and administered i.p. α-FasL (MFL4) and α-TRAIL (N2B2) antibodies were prepared by H. Yagita (Juntendo University School of Medicine, Tokyo, Japan). 9H10 and 4F10 are hamster anti-mouse CTLA-4 mAbs and 9D9 is a mouse anti--mouse CTLA-4 mAb generated in our laboratory. Antibodies for flow cytometry and immunofluorescence were purchased from eBioscience, BD, and BioLegend.

### Trp1 T cell transfer.

Trp1 mice were sacrificed using CO~2~ euthanasia. CD4^+^ Trp1 cells were isolated from spleens and lymph nodes (inguinal, cervical, mesenteric, axillary, and brachial) using CD4^+^ selection (Miltenyi Biotec) according to the manufacturer's instructions and adoptively transferred in PBS by tail vein injection.

### Tumor challenge and treatment.

For functional experiments involving Trp1 T cells, mice were challenged intradermally (i.d.) with 1.5 × 10^5^ B16-BL6 on day 0 on their right flank. 3 d after tumor implantation, 5 × 10^4^ CD4^+^ Trp1 T cells were adoptively transferred i.v. and mice were treated with 10^6^ irradiated GVAX cells (i.d. on their left flank) plus 200 µg α--CTLA-4 (i.p.). Mice received additional treatments of GVAX and 100 µg of α--CTLA-4 on day 6 and 8. Mice were sacrificed on day 10 by CO~2~ euthanasia. For protection experiments, mice were challenged (i.d.) with 10^4^ B16-BL6 and treated with GVAX and α--CTLA-4 as described above. Tumors were measured every 2--3 d.

### Tissue processing and flow cytometry.

Mice were sacrificed on day 10 with CO~2~. Lymph nodes (inguinal, axillary, and brachial) and tumors were dissected into RPMI. Lymph nodes were dispersed through a 70-µm filter whereas tumors were mechanically disrupted using scissors, digested with a mixture of 0.33 mg/ml DNase (Sigma-Aldrich) and 0.27 mg/ml Liberase TL (Roche) in serum-free RPMI for 25 min, and dispersed through a 70-µm filter. To identify T cell populations, samples were stained with α-CD4 APC-eFluor780, α-CD45.1 eFluor410, α-CD45.2 APC, α--CTLA-4 PE, and α-CD8 PerCP-eFluor710. In some experiments, α-CD8 Brilliant Violet 570 and fixable live/dead 660 dye were used. Cells were fixed and permeabilized with the Foxp3 buffer kit (eBioscience) and stained with α-CD3 PE-Cy7, α-Foxp3 Alexa Fluor 700, α-CD3 Pe-Cy7, and α-Ki67 Alexa Fluor 488. In some experiments, CTLA-4 surface signal was enhanced using the FASER kit (Miltenyi Biotec). To identify macrophages, samples were stained with α-CD3 PerCP-eFluor710, α-Ly6C APC, α-Ly6G PE-Cy7, α-NK1.1 APC, α-CD11c PE, α-I-A Alexa Fluor 700, α-CD45.2 eFluor410, α-FcγRIV Alexa488. Samples were mixed with Pacific Blue microbeads (Life Technologies) to normalize for sample volumes. Data were acquired on LSR II and Fortessa flow cytometers (BD). The absolute number of cells per tumor sample was quantified using fluorescent microbeads to normalize to a known sample volume, which was then normalized to tumor wet weight. The following formula was used for this calculation: absolute cell number = number of cells acquired/(tumor wet weight/\[number of beads acquired/number of beads added to sample\]).

### Immunofluorescence.

Tumors and lymph nodes were dissected into 4% paraformaldehyde and fixed overnight. Samples were dehydrated in 70% ethanol, embedded in paraffin, and sectioned into 4-µm sections. Sections were stained with polyclonal rabbit α-Iba1 and polyclonal rat α-Foxp3, followed by secondary staining with α-rabbit Alexa Fluor 488 and α-rat Alexa Fluor 532.

### SPR.

All SPR analyses were performed with a Biacore T100 SPR system (GE Healthcare) at 25°C in HBS EP+ buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% surfactant P20). His-tagged soluble mouse FcγR extracellular domains (Sino Biological Inc.) were immobilized on CM5 chips by amine coupling at pH 4.5, resulting in a density of ∼2,000 RU. Two-fold serially diluted 9H10 samples were injected through flow cells for 3 min at a flow rate of 30 ml/minute for association followed by a 5-min dissociation phase. The concentrations of 9H10 samples ranged from 4,000 nM to 15.63 nM for FcγRIIB and FcγRIII-binding analyses and from 1,000 nM to 1.95 nM for FcγRI and FcγRIV binding analyses. After each assay cycle, the sensor surface was regenerated with a 30-s injection of NaOH of optimized concentration at a flow rate of 50 ml/minute. Background binding to blank immobilized flow cells was subtracted and affinity constant K~d~ values were calculated using the 1:1 binding kinetics model built in BIAcore T100 Evaluation Software (version 1.1).

### Statistical analyses.

Data were analyzed using Prism 5.0 (GraphPad Software). Experiments were repeated two to three times. Statistical significance was determined by Student's *t* test (between two groups or conditions) or ANOVA with a post-hoc test (three or more groups or conditions). Tumor survival data were analyzed with the Kaplan-Meier method. The log-rank test was used to compare survival curves for different subgroups on univariate analyses. P values \<0.05 were considered statistically significant.
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